The poor osseointegration of Ti implant significantly compromise its application in load-bearing bone repair and replacement. Electrically bioactive coating inspirited from heterojunction on Ti implant can benefit osseointegration but cannot avoid the stress shielding effect between bone and implant. To resolve this conflict, hierarchically structured Ti implant 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with electrically bioactive SnO 2 -TiO 2 bi-layered surface has been developed to enhance osseointegration. Benefiting from the electric cue offered by the built-in electrical field of SnO 2 -TiO 2 heterojunction and the topographic cue provided by the hierarchical surface structure to bone regeneration, the osteoblastic function of basic multicellular units (BMUs) around the implant is significantly improved. Because the individual TiO 2 or SnO 2 coating with uniform surface exhibits no electrical bioactivity, the effects of electric and topographic cues to osseointegration have been decoupled via the analysis of in vivo performance for the placed Ti implant with different surfaces. The developed Ti implant shows significantly improved osseointegration with excellent bone-implant contact, improved mineralization of extracellular matrix (ECM), and increased push-out force. These results suggest that the synergistic strategy of combing electrical bioactivity with hierarchical surface structure provides a new platform for developing advanced endosseous implants.
INTRODUCTION
Ti metal has gained worldwide recognition as one of the most acceptable candidates for load-bearing bone repair materials. 1 However, the osseointegration of Ti implants is often compromised due to the stress shielding effect and its bio-inertness. 2, 3 In particular, the lack of mechanical stimulation to bone caused by the stress shielding effect and the poor bone-implant bonding due to the generation of soft tissue on bio-inert pure Ti surface would directly lead to the osteoporosis around the implantation site. Consequently, it eventually results in the failure of the implant. [4] [5] [6] As a living tissue, bone can remodel itself around the implantation site to adapt to the Depending on the mechanical properties of composite material, the gradient stress distribution corresponding to hierarchically porous surface of implant with bone tissue could alleviate the stress shielding effect. To obtain the interlocking effect between the implant and bone tissue, the size of gouges on the implant surface should be larger than 50 µm, which can provide enough space for bone ingrowth based on the osseoconduction. 10 The fabrication of hierarchically porous surface with excellent bonding to Ti implant is key to ensure the success of the implant in load-bearing bone repair. Fortunately, the porous surface of TiO 2 coating formed by microarc oxidation (MAO) can be regulated by controlling applied parameter, and the as-formed coating exhibits excellent bonding with Ti substrate. [11] [12] [13] Therefore, a multi-scale porous TiO 2 surface with micro gouges and sub-micro pores has been developed on Ti implant via MAO, which enhances mechanical stimulation for improving osseointegration based on the topographic cue from hierarchically structured surface to transmit load. Though the Ti implant with certain hierarchical surface structure exhibits an enhancement in push-out force, soft tissue is still partially covered the implant due to the poor bioactivity of the surface. 14 In order to achieve a good osseointegration after implantation, numerous strategies have been developed to facilitate Ti surface with good bioactivity. [15] [16] [17] [18] [19] [20] Though chemical and topographical-based coatings are the most promising approaches to render Ti surface with excellent in vivo performance, [17] [18] [19] their effects to bone tissue around the implantation site are still limited if they have indirect contact with implant surface. Considering the stress shielding effect, osteoporosis would easily occur in certain areas. It is known that bone is a piezoelectric material, in which electric cue offered by externally applied electrical fields can modulate osteoblastic cell behavior. 21, 22 Since the bone tissue can conduct electrical signal, the electric cue could not only affect the contact interface but also influence the indirectly-contacted surrounding area of the implant. However, electric cue provided by an external equipment is impractical for orthopedic implant application. 23 To realize such a concept, developing Ti implant with an internally built-in electrical field would be critical for the next-generation of implant.
23-25
A promising strategy for the fabrication of such an internally built-in electrical field is based on the concept of heterojunction, which promotes the separation of hole-electron pairs. [25] [26] [27] Meanwhile, because of the electric coupling among different electrical fields, 28 the heterojunction with the built-in electrical field can continuously provide electric cue to ensure a long-term effect of the electrical bioactivity based on the response to varied electrical field from piezoelectric bone during movement. 29 Interestingly, a built-in electrical field on smooth Ti plate via the formation of bi-layered SnO 2 -TiO 2 heterojunction with type II band alignment was reported in our previous work, which exhibited superhydrophilicity and good apatite-forming ability. 30 To render the hierarchically porous Ti implant with excellent bioactivity, in this work, the bi-layered SnO 2 -TiO 2 heterojunction was fabricated on the surface of hierarchically structured Ti implant by MAO and subsequent hydrothermal treatment.
Because the individual TiO 2 or SnO 2 coating with an uniform surface does not exhibit bioactivity induced by electric cue, it provides a platform to decouple the effects of electric cue and topographic cue to osseointegration via the comparison of the bone remodeling, bone-implant interface, and biomechanical property for the prepared Ti implants with different surface structures. To ensure a uniform structure of the developed coating at the different areas (flat area and gouges area) of the implant, the Ti implant surface with micro gouges has been acidly etched to remove the non-uniform oxide film before subsequent treatments. The reason for the acid etching is that the non-uniform oxide film would lead to changes in morphology and phase composition of the as-formed MAO coating in the different areas according to our previous investigation. 31 As shown in Figure 1 , the surface with a morphology of acidly etched pits has been formed on the surface of rough Ti implant in both flat and gouge area. According to the EDS results, there is no oxide film left on the implant surface ( Figure S1 ). Therefore, the reaction during the subsequent MAO treatment to the implant could occur homogeneously in both flat and gouge areas, retaining to uniform surface morphology on the whole surface. A sub-micro porous layer after MAO treatment ( Figure 1 (b,e,h)) and a layer of nanorod array after hydrothermal treatment (Figure 1 (i) and S2) are observed. In the following, the implants are labeled according to their structure as shown in Table S1 , which is divided into two groups, smooth group (Ti, Ti-TiO 2 ,
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Ti-TiO 2 -SnO 2 ) and rough group (R-Ti, R-Ti-TiO 2 , R-Ti-TiO 2 -SnO 2 ), based on the different surface structures. Owing to the generation of gouges on the rough implant, a mass loss of the implants has been measured, showing the porosity of the rough implants is 18.2 ± 0.2% ( Figure   S3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 Regarding the heterojunction, the crystallinity of designed phase is the key to its performance. [32] [33] [34] The amorphous MAO coating with SnO 2 film cannot form a heterojunction with electrically stimulated bioactivity because it cannot obtain a stable Fermi energy of TiO 2 to promote the separation of hole-electron pairs. 30 To meet the formation requirement of heterojunction with type II aligned structure, 35, 36 a high voltage had to be applied to fabricate the MAO coating with good crystallinity. As expected, TiO 2 based MAO coating and the SnO 2 film
were formed on Ti substrate after the subsequent treatments as indicated in the XRD patterns (Figure 2(a) ).
To further confirm the phase composition of the coating generated on the implant with micro revealing that the gouge does not affect the phase composition of MAO coating (Figure 2(b) ). respectively (see in Figure S4 ). Both the XRD and Raman results indicate a uniform SnO 2 -TiO 2 bi-layer was fabricated on the surface of Ti-TiO 2 -SnO 2 and R-Ti-TiO 2 -SnO 2 , which is in good agreement with the bi-layered SnO 2 -TiO 2 coating on Ti plate reported in our previous work. has been used to analyze the powder collected from its surface ( Figure 3 (Figure 3 (c) ). Thus, we can confirm that SnO 2 nanorods film was generated on the R-Ti-TiO 2 -SnO 2 surface. Due to the similar phase composition and structure of the bi-layered SnO 2 -TiO 2 coating with our previous work on Ti plate, 30 an n-n heterojunction could be formed on the R-Ti-TiO 2 -SnO 2 surface. To confirm the formation of the SnO 2 -TiO 2 heterojunction, the band gap of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 bi-layered SnO 2 -TiO 2 coating has been determined by UV-vis spectrophotometer using Ultra suggesting better electrical conductivity of the coating due to the formation of heterojunction thus higher charge carrier density. Such SnO 2 -TiO 2 coating exhibits superhydrophilicity, good apatite-forming ability, and negative surface potential, leading to good electrical bioactivity. 30 Combined with the hierarchical structure of Ti implant, the synergistic effect of hierarchical surface structure and electrical bioactivity for the developed Ti implants on osseointegration has been investigated.
Normally, bone is considered as a dynamic living tissue which is constantly being remodeled throughout its lifetime, it can adapt its mass and architecture to mechanical demands according to the Wolff's law. 41 To evaluate the status of bone remodeling around the placed Ti implants with different surface structure, the biological tissue around the implants in the region of interest (ROI) (Φ3 × L6 mm 3 ) have been analyzed by micro-CT after healing for 12 weeks. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 < 0.05 compared to the Ti-TiO 2 -SnO 2 , &p < 0.05 compared to the R-Ti, %p < 0.05 compared to the R-Ti-TiO 2 .
According to the cross-sectional morphology of the reconstructed micro-CT images, the biological tissue exhibits a trend to grow along the implant surface towards the marrow cavity ( Figure 5) . Meanwhile, the biological tissue-implant interface of both the smooth and rough groups shows a similar status with the varied surface structures (the indirect contact for Ti and R-Ti, the partial direct contact for Ti-TiO 2 and R-Ti-TiO 2 , and the almost prefect direct contact for Ti-TiO 2 -SnO 2 and R-Ti-TiO 2 -SnO 2 ). As for the Ti and R-Ti implants, they are separated from the biologic tissue by gaps due to the bio-inert nature of pure Ti, leading to the indirect contact with bone. Therefore, they both show the least amount of remodeling biological tissue around the implant ( Figure 5(a,d) ). With regard to the Ti-TiO 2 and R-Ti-TiO 2 , the biological tissue partially contacts with the implant surface, while cavities also appear in the bone near certain area ( Figure   5(b,e) ). The formation of the cavities could be attributed to the stress shielding effect between the implant and bone, which stimulates osteoclasts to resorb more bone in the decreased levels of stress direction. 7 However, owing to the relatively better bioactivity of TiO 2 coating than that of pure Ti, new biological tissue has been generated toward the direction of marrow cavity around the implant to ensure load bearing capability during the bone healing process. Nevertheless, it still shows a relatively loose structure around R-Ti-TiO 2 ( Figure 5e ). This is strongly supported 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 tissue-implant contact. The reason for this is attributed to the electrical bioactivity of the coating, which benefits not only the directly contacted tissue, but also the surrounding tissues due to the effect of electrical field. Apparently, the structure of biological tissue around the placed implant after healing of 12 weeks depends on the hierarchical structure of the implant surface ( Figure 5 ). This is in agreement with the result that the stress distribution within the bone tissue is related to the recruitment and activity of BMU. 7, 42 After the ingrowth of new bone into the micro scale gouges, the placed implant with surrounding bone tissue can be considered as a composite material, which significantly changes the stress distribution in the bonding area ( Figure 6 ). During the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 remodeling process in cortical bone, osteoclasts could be observed on the surface of an area with reduced stress, and osteoblasts could be found on the surface of an area with increased stress.
7,42
If a material is with hierarchical bonding interface, the stress on the bone tissue side is decreased but with an increasing trend toward the interface to implant. The decreased stress could promote osteoclast to resorb bone along certain direction, while the increase of stress could stimulate osteoblast to aid remodeling at the interface. 43 Thus, more cavities but better bone-biological contact were observed around the R-Ti and R-Ti-TiO 2 when compared with the smooth group.
Because of the existence of artifacts, soft tissue and mineral bone are hard to be distinguished by the Micro-CT analysis. To further support our point about the BMU coupling, histological morphometry of the Van Gieson (VG) stained bone tissue within 500 µm to the surface of implant has been investigated ( Figure 7) . Apparently, the cavities containing osteoclast and osteoblast can be clearly observed in the magnified histological morphology around implants. As the functional unit for bone remodeling, BMUs is considered as the most obvious agent to adjust and reveal the bone healing situation around the implant surface in micro scale. [44] [45] [46] [47] [48] Disturbances of any stimulation that shift the equilibrium of BMUs would lead to the change in bone remodeling around implants. 49 Herein, the change in size of cavity containing BMU is mainly attributed to two factors of the as-formed implants, the bioactivity of coating and the micro gouge structure. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 compared to the Ti-TiO 2 , ^p < 0.05 compared to the Ti-TiO 2 -SnO 2 , &p < 0.05 compared to the R-Ti, %p < 0.05 compared to the R-Ti-TiO 2 .
As for the smooth surface group, the behavior of BMUs is dominated by the bioactivity of the implant surface. Generally, the equilibrium of BMUs around implants shifts towards bone resorption after implantation, due to the decrease of stress stimulation to bone tissue caused by the stress shielding effect. Regarding the Ti implant, the surrounding tissue normally shows osteoporosis due to the bio-inertness of pure Ti (Figure 7(b) ), which is unable to promote osteoblastic functions (such as proliferation, migration, differentiation, secretion of matrix proteins, and its mineralization) to rebalance the equilibrium of BMUs. 50 In terms of Ti-TiO 2 , the MAO coating with porous surface structure in sub-micro scale can enhance the proliferation and differentiation of osteoblasts. 51 Meanwhile, the TiO 2 coating with negative surface charges can attract Ca 2+ and proteins absorption. 52 They all shift the equilibrium of BMUs around the implant surface towards the bone generation, playing a positive role in osseointegration. Thus, a direct bone-implant contact has been observed around the implant surface near the marrow cavity (Figure 7(c) ). However, because of the relatively weak Regarding to the rough implants with micro gouge structure, it is obvious that the osseointegration has improved when compared with the smooth surface with the same modified coating ( Figure 7 ). This is attributed to the changes in the absorption of cells and proteins and the topographic cue for the surrounding tissue based on the implant structure. Firstly, the migration and proliferation of osteoblast or stem cell and absorption of matrix proteins has been accelerated by the gouges surface structure because of its storage ability for the medullar cavity liquid.
Secondly, the space provided by surface gouges changes the topographic cue to the surrounding 57, 58 showing excellent osseointegration around the implant (Figure 7(g) ). To evaluate the long-term bonding between the developed implant and bone tissue, the push-out forces for the implants after healing of 12 weeks have been studied ( Figure 8 ). As expected, both the electrically bioactive coating and the gouges structure surface exhibit an increase in the push-out force. In the case of the smooth implant group, the enhancement in the push-out force is dominated by the bioactivity of the implant surface. Obviously, the push-out force of the implant with SnO 2 -TiO 2 is significantly improved to 239 N, which is over 5 times that of the pure Ti (50 N) (p<0.05). As for the rough implants with micro gouges, though it has less amount of remodeled bone around the implants, they exhibit much higher push-out force than the smooth ones ( Figure 8 ). In consistent with our previous work, 14 no matter how the bone-implant contact is, the push-out force for R-Ti and R-Ti-TiO 2 is similar. The reason for this could be attributed to the meshed bone-implant interface, which changed the failure mode of the implant when compared with the smooth ones. Interestingly, the push-out force of R-Ti-TiO 2 -SnO 2 is further increased to 289 N, which is much stronger than that of R-Ti-TiO 2 and R-Ti. This supports our analysis that the electrical bioactivity benefits the osteoblastic function, leading to increased mineralization of extra-cellular matrix (ECM) around the developed implant to transmit load efficiently. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 To confirm the failure mode of the implants, representative SEM images of the pushed-out implant in the cortical regions are investigated together with EDS. Clearly, larger amount of biological tissue with meshed structure is observed on the rough implant surfaces compared to the smooth ones ( Figure 9 ). As for the smooth group, pure Ti implant is partially covered by soft tissue, leading to poor contact with surrounding bone tissue, while some deposition with the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Compared with dense Ti implant, the scaffold Ti implant shows obviously enhanced push-out force thanks to the three-dimensional inter-locking effect for the new bone which grows into the holes after healing. 10, [60] [61] [62] [63] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 solution (distilled water 30 mL and ethanol 10 mL) containing 0.7 g of NaOH and 0.5 g of SnCl 4 ·5H 2 O. Then, the steel vessel containing the PTFE cup were treated at 200 °C for 24 h. The surface modified implants were labelled according to the surface structure (Table S1 ).
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